Abstract The first record of Ganoderma can be traced back to the Pharmacopoeia written by Chinese scientists in first century B.C. Several Ganoderma species are known as ''white rot'' fungi, which cause the display of the white cellulose on wood by degrading the lignin component. Ganoderma boninense is the main agent of basal stem rot (BSR) disease, as a persistent problem in the oil palm (Elaeis guineensis, Jacq.) cultivation that needs to be controlled. Oil palm, which is the main host of this pathogen, is an economically important crop grown in Southeast Asia, Africa, and America. Due to the negative effects of Ganoderma on the plants, especially on oil palm, this review focuses on the mechanisms of Ganoderma infection and its control, the importance of lignin and silicon (Si) to plant defense. This review also explores different methods for Ganoderma control and techniques for producing less susceptible oil palm. Genetic manipulation of oil palm for enhancing resistance to Ganoderma is also discussed.
Introduction
One of the most restraint diseases at oil palm (OP) cultivation is caused by Ganoderma spp that is the basal stem rot (BSR) in tropical countries, like North Sumatra, Malaysia, Indonesia, Cameroon, Nigeria, Ghana, Zaire, Angola, Tanzania, North Mozambique and some other countries with the same geographical situations (DurandGasselin et al. 2005; Corley and Tinker 2008b; Kinge and Mih 2011; Sariah et al. 2011) . Additionally, more than 80 species of Ganoderma lead to produce rot disease in other crops, such as areca nut, rubber, cocoa, coconut, grapevines, tea, guarana, and forest tress including macadamia, acacia, and populous (Kirk et al. 2011; Sariah et al. 2011) . To protect plants against microbial, fungus and virus pathogen, there are many strategies like defense mechanisms. Recognition of different pathogens by plants via specific molecular effectors or patterns for triggered helps to enhance existing defense mechanism of plants and also extract other signaling pathways of inducible defense (Göhre and Robatzek 2008) . To overcome irreversible effects of different harmful pathogens including Ganoderma, then identifying these mechanisms at the molecular level helps researchers to reduce losses caused by the invasion of such pathogens. Decomposition of lignin components by fungus attack directly leads to lack of spongy cellulose exposed and appearance of white rot in the plant woody tissues (Paterson 2007) . The disease process starts with the penetration of fungal mycelia to the roots of OP and spreads to the shoot, which usually stands to collapses the trunk (Rees et al. 2009 ). During cultivation, the OP has been dealt with many diseases created by different pathogens including Ganoderma spp. which leads to induce BSR and upper stem rot (USR) (Fee 2011) . As a result of inducing the USR and BSR, the plants' yield was significantly decreased. Moreover, BSR and USR diseases lead to loss of OP products economically in vast areas around the world (Corley and Tinker 2008a) .
To date, many researchers have focused on the detection of fungus (Markom et al. 2009; Sariah et al. 2011) , and increase the yield of oil palm trees by eliminating Ganoderma boninense during cultivation (Phosri et al. 2010; Schwarze et al. 2012; Paterson et al. 2013 ). It seems, there was no survey conducted to evaluate the quality of palm oil extracted from OP affected by Ganoderma in comparison to the plants without any trace of pathogens. Therefore, this review aims: (i) to examine possible ways to minimize the harmful effects of Ganoderma on oil palm yield and (ii) to provide new insights into the possible useful effects of Ganoderma on the quality of oil extracted from palm with the BSR.
Plant immunity mechanism and R genes
Two major innate immune systems in plants include pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered immunity (Jones and Dangl 2006; Boller and He 2009) . Generally, both microbe-associated molecular patterns (MAMPs) and pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharide, b-glucans, flagellin, and the fungal chitin, are recognized by host plants (Nürnberger et al. 2004; Zipfel and Felix 2005) . Damage-associated molecular patterns (DAMPs) are structural polysaccharide fragments of host cell wall, which may be degraded with CWDEs produced by the pathogen. Pathogens colonization can be affected negatively by PTI through the production of phytoalexins as well as reactive oxygen species (ROS), deposition of callose, cell wall alterations, and accumulation of pathogenesis-related (PR) or defense-related proteins (de Wit 2007) .
Existing ''extracellular surface receptors'' involved in the PTI, which is able to identify PAMPs. The importance of PAMPs for pathogens is due to their protecting role from microbial features during the organism's life, so help them to have a complete function . A small number of PAMP receptors which include intracellular kinase-domains as well as extracellular leucine-rich repeats have been characterized so far (Kaku et al. 2006; Zipfel 2008) .
Three defense reactions including WRKY-transcription factors (WRKY-TFs), mitogen-activated protein kinasesignaling (MAP), and ROS will be induced through PTI activation (Nürnberger and Kemmerling 2009) . Complete development of the pathogen may be prevented by these defense mechanisms. The WRKY-TF domains, as regulators, provide biotic stimuli resistance through binding with defense gene's promoter W-box, and regulate their transcription (Yun et al. 2010) .
The second plant immune system ETI includes encoded proteins by resistance (R) genes, which particularly recognize related effector proteins encoded by AVR genes of the pathogen (Hammond-Kosack and Kanyuka 2007). The flagellin and fungal chitin as pathogen-associated molecular patterns (PAMPs) recognized through surface receptors, particularly pattern recognition receptors (PRRs), is the first activation step involved in innate immunity system (Jones and Dangl 2006; Zipfel 2009; Monaghan and Zipfel 2012) . The pattern recognition receptor group (PRR) comprises receptor-like protein (RLP) and -kinases (RLK). The RLKs existing in the plasma membrane involve an intracellular domain of serine/threonine kinase as well as a domain of an extracellular ligand binding (Shiu and Bleecker 2001) .
The RLP consists of a membrane spanning domain and an extracellular domain. Signal transduction resulted from adaptors interaction is required, while lacking an intracellular activation domain (Zipfel 2008) . Host cell wall fragments and peptides related to the damage-associated molecular patterns (DAMP) are identified with PRRs and released during infection. The pathogen associated molecular pattern (PAM)-triggered immunity (PTI)) and effector-triggered immunity (ETI) have been shown as the two key innate immune reactions in plants . The activation of PTI resulted in motivation of ROS, activation of calcium dependent kinase (CDPK), calcium bursting, and mitogen-associated protein kinases (MAPKs), which prevent pathogen development entirely (Nicaise et al. 2009; Tena et al. 2011) . Microbe-associated patterns (MAMPs) refer to identifying conserved molecules, like peptidoglycans (PGN), from complete microbe entities (Boller and Felix 2009) .
It has been reported that lack of particular PRRs leads to increase plant susceptibility against disease (Boller and Felix 2009) . The PTI activation is the main characteristic of plant innate immunity. Multiple events of defense signaling are being created through the perception of PAMPs and MAMPs by PRRs. To show pathogen virulence potential, PTIs should be deactivated using effectors (Speth et al. 2007) . In different defense reaction of monocots and dicots, chitin branches, such as chitin-and N-acetylchitooligosaccharides will be represented by fungal MAMP triggers (Shibuya and Minami 2001; Antolín-Llovera et al. 2012) .
As time goes on, pathogens may develop using acquire ability or under selection pressure to conquer ETI, hence evade host plant defense responses through removal or slight changes of amino acids involved in effectors (Chisholm et al. 2006; Jones and Dangl 2006) . Effectors carry lots of functions, such as suppression of hypersensitive response (HR) or PTI suppression (Janjusevic et al. 2006) , facilitate disease through abscisic acid (ABA) pathway induction (de TorresZabala et al. 2007) , and suppress jasmonic acid (JA)-as well as salicylic acid (SA)-induced defense responses, and disease symptoms establishment (Zhao et al. 2003; Brooks et al. 2005) . Interaction of JA, SA, ethylene and their pathways contribute to the susceptibility and resistance of host plants against pathogens. It was reported that both ethylene-response and JA signaling pathways are vital for resistance of host plants to necrotrophic pathogens (Glazebrook 2005; Laluk et al. 2011) . While SA accumulation leads to enhance plant host resistance against hemibiotrophic pathogens, but increase plant host susceptibility against necrotrophic pathogens (Veronese et al. 2006) . When host plants can no longer detect an effector, consequently less resistance proteins will be induced. These plants fail to trigger ETI, hence bring themselves pathogen susceptibility.
A pair of genes namely R genes found inside plant cells and Avr genes found inside pathogens are responsible to make resistance and disease, respectively. These matching genes considerably affect the inheritance of plant resistance and pathogen ability to cause disease (Flor 1942 ). The R genes are able to decrease susceptibility of plants against different pathogens. Proteins encoded by ''R genes'' are responsible to detect effectors of their cognate pathogen directly as well as indirectly. Most of the proteins encoded by R genes are intracellular in plant cells, hence pathogen effectors should be localized inside the cell ).
The pathogen is not able to cause disease and complete function, if its single dominant Avr gene be detected by a single dominant R gene of a plant host cell. This pathogen and host plant are classified avirulent and resistant, respectively (Prell and Day 2001) . If an R gene from the host cell or an Avr gene from the pathogen be absent, plant and pathogen are considered susceptible and virulent, respectively, and their interaction will be compatible. In such cases, pathogens later can make a parasitic relationship with plants. The interaction between microbial pathogens and plants is complex phenomena, in which a wide range of pathogenic molecules are able to interact with host plants regarding their cellular components (Schneider and Collmer 2010) .
Up to now, there is not enough investigation over the effect of R genes or their proteins against BSR in oil palm, although sequence of partial length of disease R gene homolog with R protein encoding NBS-LRR type has been reported in the oil palm (Foan et al. 2012) . Recently, some sequences regarding R genes have also been identified from OP transcriptomes (Low et al. 2014) . Although, there is a lack of evidence to show the effect of R genes in BSR caused by a hemibiotroph, and confirm the function of their putative proteins. Except ''Toll/interleukin 1 receptor domain protein'' encoded by a particular R gene regarding resistance ability of Arabidopsis thaliana against Leptosphaeria maculans, reported by Staal (Staal et al. 2008 ), there are not more investigations.
Necrotrophs and biotrophs are different with each other in terms of infection processes, effector proteins, and reduced host defense responses (Laluk and Mengiste 2010) . Nectrophs produce diverse phytotoxic compounds and CWDEs that leads to induce cell necrosis and nutrients leakage. In contrast to nectrophs, biotrophs attack comparatively few host cells and grow between them. Moreover, biotrophs secrete a restricted CWDEs amount and usually lack of phytotoxic compounds (Mendgen and Hahn 2002) .
It has been reported that enhanced cell death inside the plant mutants caused improved resistance against biotrophic pathogens, whereas brought them susceptibility against necrotrophs (Veronese et al. 2004 ). In general, plant host susceptibility against necrotrophs will be increased due to the death cells of plant, though that is unclear yet, if they can affect all necrotrophs (Laluk and Mengiste 2010) .
Although Ganoderma spp. as many other fungi belong to the necrotrophs group, but it may be considered as hemibiotrophs because of having biotrophic stage in early infection phase (Rees et al. 2009 ). At the initial stage of infection, OP may induce hypersensitive response (HR) to Ganoderma spp invasion that appears as biotrophs. This hypersensitive response is desire for necrotroph growth, and most probably switch of Ganoderma spp. to necrotrophs from biotrophs, and cause susceptibility of oil palm against BSR. However, it has been reported that HRs make plant hosts be resistance against two hemibiotrophs Phytophthora infestans (Vleeshouwers et al. 2000) and Magnaporthe oryzae (Jia et al. 2000) .
The mechanisms of Ganoderma infection in oil palm
The Ganoderma infection begins when the mycelia of fungus penetrate into the roots of OP and spread to the stem bole of plant (Rees et al. 2009 ). In addition, the BSR would be developed when fungus degrades the lignin of cell's wall and use its cellulose involved (Paterson 2007) . By increasing the interaction between parasitism and cell's wall lignin, plants will lose their yield and will die in the final stage. The BSR is not detected easily unless the disease symptoms appear on the un-opened spear leaves of OP trees, or basidiomata of the Ganoderma emerges near soil level on the primary roots or on the trunks (Sariah et al. 2011) . On the other hand, detection of the fungus is a complicated process during infection (Lim and Fong 2005) . Hence, the increase in the resistance of plants against fungi is the fastest and the most reliable way to overcome the deleterious effects of the disease and obtain high quality and quantity of palm products. The term of ''lignin'' refers to a great group of polymers produced by the oxidative combination of 4-hydroxy phenylpropanoids (Ralph et al. 2008) . Lignin components are accumulated in the walls of cells (secondarily thickened) and make the cell wall impermeable. Plants will be reacted to the pathogen attack, according to the lignin accumulation of cell walls. The BSR disease occurred when lack of macromolecular investigations is one of the most challenges of the oil palm survey. Biodegradation in plants is a secondary metabolic process, based on both the lignin components and amount of releasing energy from utilization. The Ganoderma boninense obtains its required energy for causing the disease from lignin degradation of cell wall although Paterson's reported that pectin and starch also play a light role in surviving fungi (Paterson 2007) . When Ganoderma attacks the plants, spore of fungi in favorable condition starts to develop its new cells, then fungi cells become hyphae that later create mycelium. Mycelium of fungi forms a lump which grows out of the (soil) (Fig. 1a) . When mycelium penetrates into the OP cells, it uses the lignin of the cell wall and continues to destruction of the plant (Fig. 1b) . When G.boninense attacks the OP, it tries to reach the lignin components of the cell wall; this period of time in different plants may be varied based on cell wall thickness, especially in the first layer. For instance, in one study done (1) spore of Ganoderma, (2) new cell of fungi spore, (3) forming hyphae of developed fungi spore, (4) hyphae forms mycelium then forming a lump by mycelium, (5) penetrating Ganoderma to the middle lamella then cell wall and starts to use lignin leading to disrupt the cell wall on the BSR of OP, infection symptoms appeared on the roots of inoculated plants throughout 5 months (Rees et al. 2007) . It was shown that penetration of fungus mycelium into the cell wall of OP root surface occurred in both epidermis and exodermises layers; this engagement between fungus and root surface can be limited to the primary contact point or cover root completely (Rees et al. 2009 ). The transmission electron microscopy (TEM) images of infected oil palm root tissue showed that after infection and appearing disease symptoms in the cell cortex, the mycelium of the fungus re-emerged in the epidermis through the primary ruptures caused by G. boninense. The light microscopy images of root cells have also shown that the fungus producing lots of intracellular hyphae in the internal cell cortical collapse the whole wall cells involving middle lamella by G. boninense. Collapsing of the middle lamella leads to colonization of fungus in intramural, inter-and intra-cellular parts of oil palm roots (Rees et al. 2009 ).
It can be understood that the main and the most important step in controlling Ganoderma disease is related to the cell wall thickness, particularly in the first layer. The main aim of the present review is to introduce way(s) for reducing the permeability of the root cell wall of OP. By this way, the fungi mycelium contact to the middle lamella of the plant cell wall will be limited. Thus, the BSR disease rate of OP will reduce.
It was revealed that Ganoderam colonization may occur along with unwounded root parts, and then may develop mostly through the cortex part of the inner cell wall (Rees et al. 2009 ). As opposed to the previous studies, the results of another survey indicated that there was no observed primary colonization in the vascular tissue of palm root. They also revealed that the fungus requires a close contact with the root part of OP to be able to make infection which this characteristic is rooted in its biology (Cooper et al. 2011) . Two reasons have been put forward to justify it: (i) G. boninese is not strong enough to initiate an attack without having large inoculums and (ii) is a deprived competitor in comparison to other commensal organisms. The pathogenic fungus disability occurred when their mycelium cannot spread via nutrient source in arable or organic debris at the front part. It has been shown that Ganoderma is able to growth while all these substances have been sterilized (Rees et al. 2007 ). Based on the weak ability of G. boninense to compete, it seems that contacting activity of mycelium is not efficient enough to make the fungus cause the disease. Hence, it needs more inoculum contact leading to BSR or USR in OP (Cooper et al. 2011) .
It is obviously clear that altering in cell wall thickness through increasing Si accumulation inside the root parts of OP, may bring more resistance ability to OP against the fungus attack. From another perspective, this can be stated that increasing the thickness of the cell wall against pathogen attack is not just limited to the root zone since lack of permeability of the cell wall leads to decrease plant sensitivity and reduces the USR disease as well.
Controlling of Ganoderma boninense
Many options were investigated to control BSR disease of OP, one of such methods promoted using fungicides (Soepena et al. 2000) , and cultural conventional practices by developing the sanitation procedures, removing and burning of infected palms. These methods, however, are undesirable because of environmental issues. Also, they have low influence and are not economically practical (Breton et al. 2006) .
The BSR disease has been considered as the most wrecking disease of OP, since resistant mycelium, pseudosclerotia, basidiospores and chlamydospores of G. boninense present at the early disease stages so inhibit controlling of Ganoderma (Susanto et al. 2005; Naher et al. 2012b ). The G. boninense is able to use felled OP trees, and grows to entrance into the other host plants through root contact or spore, and causes disease (Sanderson 2005; Paterson 2007 ).
Although many methods, such as chemical control, trench system and replanting techniques, previously had taken to control the disease, till today no acceptable method exists to inhibit the BSR disease in the OP fields. For example, one of the recommended controlling methods is digging trenches surrounding the infected palm trees to avoid root contact and mycelium spread with bordering healthy palms. This method may be costly based on different soil types, digging and maintenance. The other method is replanting healthy palms with the sanitation of infected trees which helps to reduce the disease incidence but not eliminate BSR satisfactory (Singh et al. 1991) .
Although the chemical treatment of OP with carboxin and quintozene fungicides significantly reduces the disease incidence (George et al. 1996) , the controlling chemical agents do not have suitable effects on the environment because of their inhibitory role against the growth of good microbes. The chemical cost and environmental concerns caused researchers to try the alternative ways, such as using resistant cultivars to pathogens, and biological control agents.
Biological in vitro studies introduced three species of fungi including Aspergillus spp., Trichoderma spp., and Penicillum spp. as antagonistic agents against Ganoderma (Bruce and Highley 1991; Badalyan et al. 2004 ). The mass production of these three antagonists acts as effective biocontrol agents against Ganoderma (Bruce and Highley 1991; Susanto et al. 2005) . It was demonstrated that Trichoderma is able to protect palms only at the initial stage of the disease and cannot treat the highly infected trees (Abdullah et al. 2003) . Using chemical fungicides leads to environmental pollution and affects the ozone layer, consequently resulted in greenhouse climate change (Chung et al. 2005) , whereas the use of bio-fungicide is a desirable practice in agriculture system for plant disease management. The bio-fungicides have two important, vital characteristics namely biodegrade ability and biocompatibility which help them to overcome disease without damaging to plants or leaving toxic elements for microorganism in the soil environment (Pepeljnjak et al. 1981; Takka 1999; Chung et al. 2005) .
Oil palms from different genetic origins have been observed to be resistant and tolerant to BSR (Idris et al. 2004; Durand-Gasselin et al. 2005) . However, the genes considered for the resistance and tolerance of OP against fungus are unknown. Notwithstanding the identification of some G. boninense tolerance gene in various pathways of genetically modified OP, like methionine proteins, isoflavone reductase, chitinases, stearoyl-acyl carrier protein desaturase (SAD), glucanases, and type 2 and 3 metallothioneins (Tee et al. 2013; Yeoh et al. 2013) , however, information regarding G. boninense tolerance gene has restricted. Hence, it is crucial to identify differentially expressed genes and to understand the molecular behavior during pathogen-host interaction. One the other hand, these candidate gene(s) may be utilized as biomarkers for selection of oil palm progenies, which are resistant to G. boninense.
Lignin biosynthesis and role of lignin in plant cell
Lignocelluloses refer to plant cell in which lignin is associated closely with cellulose and hemicelluloses of cell wall. Lignin acts as a physical barrier to pathogen attack, and in the xylem tissue of plants provides a water impervious seal throughout cell walls. Lignin forms chemical bonds directly again enzymatic attack of pathogens and protects more amenable hemicelluloses and cellulose (Paterson 2007) .
The polymeric lignin structure involves at least three building units in monomeric form. The term ''lignin'' refers to a big group of polymers involved in oxidative combinatory of 4-hydroxyphenyl propanoids (Ralph et al. 2004 ). Hydroxycinnamyl alcohols, sinapyl alcohol, coniferyl alcohol and a small amount of p-coumaryl alcohol are involved in the formation of the main composition of the lignin building (Vanholme et al. 2010) .
The hydroxycinnamyl alcohols are synthesized using Phe units derived from the biosynthetic pathway of shikimate through phenylpropanoid in the cell plastid (Rippert et al. 2009 ). Three enzymes involved in the cytochrome P450, such as p-coumarate 3-hydroxylase [C3H], cinnamate 4-hydroxylase [C4H], and ferulate 5-hydroxylase [F5H], play an important role in lignin biosynthetic; although these enzymes are proteins of membrane, they are active in endoplasmic reticulum at the cytosolic side (Ro et al. 2001) . Except the identified interaction between the phenylalanine ammonia-lyase and cinnamate 4-hydroxylase enzymes, it is still unknown if some other enzymes can be active at the endoplasmic reticulum in metabolic complexes (Achnine et al. 2004; Vanholme et al. 2010) .
It has been demonstrated that syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) as different units of Hydroxycinnamyl alcohols have the potential to produce lignin polymer. The results of the investigation released, and the structure of two lignin compositions, namely gymnosperms and angiosperms, are totally different. On one hand, gymnosperm's lignin includes only guaiacyl units with a small trace of p-hydroxyphenyl. On the other hand, lignins in angiosperms include syringyl and guaiacyl (Uzal et al. 2009 ). The lignin composition is not just differing among species and taxa, but it also differs according to the type of different cells (Nakashima et al. 2008; Ruel et al. 2009 ). Lignin may be appeared in different types of common shape at the layers of the cell wall (Gou et al. 2008; Ruel et al. 2009 ).
It was shown that the ligninolytic enzymes are the most effective factors on the white rot fungi (Ward et al. 2004) . Although the result of other study has revealed that G. lucidum produced laccases and manganese peroxidases but still it needs more investigation to reveal the function and products of G. lucidum (Corley and Tinker 2008a) . In spite of the availability of lignin peroxidase activity isolated gene sequences from G. applanatum (Marti´nez 2002), the lack of information regarding the interaction of taxa and genus leads to design future studies in this regard.
The secondary cell wall between the middle lamella and the plasma membrane is deposited with a large amount of lignin. Although the composition of lignin, pectin, hemicelluloses, and cellulose microfibril leads to produce the impervious and rigid secondary cell wall in plants, however, lignin is the most effective factor on the secondary cell wall structure. Although lignin is not the main food source of Ganoderma or any other fungus as its inefficient breakdown requires inputs from other nutrients like cellulose and pectin.
Notwithstanding various factors to increase lignin in plant cell wall, it was reported that the most effective factors of lignin biosynthesis are abiotic and biotic stresses (Tronchet et al. 2010) . Among a biotic stress, salinity and drought stress has a direct effect on the accumulation of lignin. Additionally, pathogen infection, metabolic stress and perturbation in the structure of cell wall lead to lignin biosynthesis in the plant cell wall. In contrast, when Ganoderma attacks the oil palm, due to the lack of sufficient lignin, the permeability of cell wall increased. Lignin plays an important role in protecting plants from microbial degradation and decay. Also, it limits the plant's biomass conversion to biofuels. Besides all the positive effects of lignin in plant cell wall like protection of plant against several stress conditions, in order to the aim of some investigation, existence of lignin will be undesirable traits. Removing lignin from the plant cell wall is a costly process which needs advance facility and high level of expertise (Sticklen 2008; Mansfield 2009 ). In comparison with wild plants, the cell walls of manipulated plants have a lower amount of vital material like lignin. Due to the lower amount of these factors which lead to increasing penetration of the cell wall, scientists believe that this kind of plants does not have the potential to endure biotic and abiotic stresses.
This study may be useful for some researchers who are interested to remove lignin from the plant biomass by presenting an insight in producing plants with lower amount of lignin but more accumulated Si to protect plant cell against different pathogen attacks. It has been generally accepted that evolution of lignin in cell walls of the plant has taken during adaptation of terrestrial plant life. The evolved lignin provides plants a supportive structure and helps them to have a habit of erect growth (Vanholme et al. 2010 ). Based on these results, development of lignin in plant cell wall has been completed during the adaptation of plant terrestrial life. However, one of the most functions of lignin is increasing the potential of plants in erect growth.
Several upstream and downstream transcription factors directly affect the lignin biosynthesis and cell wall formation. Usually these pathways lead to express related gene to lignin biosynthesis (Zhong and Ye 2007) . While, binding the transcription factors to the gene promoters could be resulted in either reducing or increasing the lignin biosynthesis in plant cell (Zhong et al. 2008 ).
Relationship between lignin and different pathogens among different crops
The G. boninese disturbs the lignin and other structural components of the cell wall during infection using its enzyme activities (Rees 2006) . Lignin protects both cellulose and hemicellulose components from fungus enzymatic activities via chemical bonds. Hence, lignin is an obstacle to prevent the inner cell wall against fungus infections (Vanholme et al. 2010) . It has been reported that decreasing the susceptibility of plants against fungus has been achieved by increasing lignin in plant cell wall (Saxena and Stotzky 2001) . Therefore, it is seems that using these mechanisms researchers may increase G. boninese tolerant in OP.
The author of present study strongly challenges this theory because, as it is mentioned in the earlier parts of this study, composition of lignin is varied among different species and cell types, so different lignin structures may play different reaction in protecting cell wall components against pathogens. The lignin is the main food source of G. boninense, so by altering the lignin structure from less to high resistance against fungus attack just the infection period is postponed, since the fungus needs more time to degrade the lignin structure by destroying the cell wall of the infected plants.
Furthermore, there is no accurate determination over the ligninolytic enzyme activities of G. boninense involved in the BSR disease of OP (Paterson et al. 2009 ). Hence, it seems that the convenient way of increasing OP resistance against Ganoderma is by increasing cell wall thickness via enhancing other components, such as Si in the outermost layer of cells and intercellular space of the root cells. This hypothesis may practically lead to decreasing susceptibility of plants against pathogens because the fungi accessibility to the cell wall and thus its compounds will be impossible, or at least limited.
Role of silicon in metabolism of suberin and lignin
Monolignolas as a production of phenyl propanoid pathway are polymerized to lignin into apoplast (Boerjan et al. 2003) . On the other hand, the suberin monomers are made by glycerol, fatty acid derivatives, and ferulic acid (Franke and Schreiber 2007) . It was reported that Si supply enhances some parts of the above metabolic pathway in plants exposing stress. However, the effect of Si on the above metabolic pathway during the stress has been approved by many experiments (Kidd et al. 2001; Cai et al. 2008) . The accumulation of suberization and lignifications composition at 8-9 cm distance from the root tip (drt) with Si treatment in adventitious roots of rice was higher than the lack of Si treatment in the same organism, whereas there was no difference observed in the amount of suberin and lignin deposition at 4-5 cm drt of both treatment plants.
Meanwhile, the amount of lignification in sclerenchyma and suberization in exoderm is increased when they are far from the roots tip. These results also revealed that the suberization in exodermal cell walls with Si treatment plants was started at 4-5 cm drt and increased at the following parts (8-9, 12-13) till achieve fully suberization in almost all exodermal cell walls. In Si treatment plants, the suberization started at 8-9 cm drt and continued to cover only 80 % of exodermal cell walls. The Si supply also affected suberin in inner parts of the roots as these results indicated suberin in endodermis of ?Si treatment plant's roots (1-2 cm drt). By contrast, there was no suberin observed in Si treatment plant in the same parts (Fleck et al. 2011 ).
Some of the recently discovered genes involved in the defense mechanisms of oil palm against Ganoderma
Plants employ different kinds of defense mechanisms to protect themselves against pathogens. Pathogen recognition through plants is attributed to a particular effect or molecular patterns-triggered immunity that is able to enhance plant defenses and extract other possible signaling ways (Göhre and Robatzek 2008) . Based on the results of current studies, not only the fatty acid metabolic pathways but also phytohormone pathways have the essential function on the pathogen defense (Bari and Jones 2009) .
Plant SAD regulates cellular polyunsaturated fatty acid content. In addition, genes encoding multiple SAD isoforms with various tissues had been recognized (Kachroo et al. 2005) . Evidently, SAD responds to a variety of stresses involving transformations in ecological temperature, symbiotic bacteria colonization, and fungal pathogen infection (Byfield and Upchurch 2007) .
One research on differential expression of two genes (SAD and MT3) during interaction with G. boninense (Alizadeh et al. 2011) showed that SAD1 as well as SAD2 genes are highly observable in OP roots and leaves. It was shown that the expression levels of these genes in leaves and roots are affected via pathogen. The SAD1 expression was highly increased in roots at third week after treatment. The results of this study revealed that SAD1 expression was remarkably decreased to insignificant levels in leaves of OP, whereas expression levels were kept in control plant roots around 6 and 9 weeks after treatment. The MT3-A expression as well as MT3-B expression was not observed in leaves. In addition, MT3-A expression seemed to be lower than MT3-B in roots of control plants. The MT3-A expression was remarkably upregulated in palm roots in third weeks after treatment and afterwards dropped to basic levels.
This study was considered differential response of OP to G. boninense and T. harzianum according to the expression levels SAD and MT3 with a variety of roles in plant defense mechanism. The findings revealed that plant defense response via growing expression levels of SAD and MT3 was increased against pathogenic fungi. In addition, the SAD and MT3 genes are useful molecular markers for tracing biotic stress as well as oxidative stress in OP.
Another study showed that the OP chitinases had higher expression level when plants were under treatment by Trichoderma. Thus, Trichoderma may lead to extract chitinases in plants. This study revealed that plants treated with Trichoderma represented chitinase as a defense mechanism for being more resistance against disease (Naher et al. 2012a) .
Chitinase expression was not obviously raised in plants which only treated with Ganoderma. It was also observed that plant chitinases expressed at low levels under normal situations might not be strong enough to resist against fungal pathogen growth. In addition, their data indicated that the presence of Trichoderma can be influential in inducing chitinase expression, particularly EgCHI1 in OPs to increase defense mechanism.
The outcomes of another research (Naher et al. 2011 ) indicated that interaction between plant and pathogen is able to activate a complicated network pathway of signal transduction, leading to the expression of a huge number of defense genes involving chitinases. Also, based on their catalytic mechanisms, plant chitinases were classified into two groups including glycoside hydrolase (GH 18 and 19) . According to the results of sequencing, it was shown that both EgCHI1 and EgCHI2 might be rooted in GH family 19. In addition, the GH family 19 includes plant chitinases involved in three Classes (I, II and IV). The CBD is in chitinases Class IA, but this trait is not present in chitinases rooted in Class IB. It was reported that EgCHI1 is matched with chitinases from Class IB with lack of the CBD that can participate in powerful antifungal activities (Suarez et al. 2001 ) through promoting the catalytic attachment area of chitinase to the polymeric substrates surface including cell wall of pathogen to permit the hydrolysis of contiguous chitin strands. It was observed that in plants treated with G. boninense, the expression of all three genes (EgCHI, EgCHI2 and EgCHI3) reaches its highest levels. The disease signs became more intensive when chitinases' expression was reduced. In plants treated with T. harzianum, EgCHI1 and EgCHI2, expression level was up-regulated until in root tissues. The expression of all EgCHI1, EgCHI2 and EgCHI3 was increased in OPs under treatment with a mixture of T. harzianum and G. boninense. It was assumed that host plants are able to generate chitinases in reply to the fungi attack irrespective of pathogenic or beneficial (Cordo et al. 2007 ).
In another research, for having a more comprehensive understanding of the reaction of OP to G. boninense, eleven putative genes related to the defense mechanism obtained from OP were investigated in OP root inoculated with G. boninense from 3 to 4 months post-infection. Based on the results, two candidate genes (EgEMLP1 and EgMT) with different profiles of gene expression in response to G. boninense are comparable with those infected with T. harzianum, hence can be promoted as biomarkers for detection of G. boninense in initially infection steps ).
Another research on analyzing putative glucanases obtained from infected OP led to isolation three full-length cDNAs responsive to encode EgGlc1-1, EgGlc5-1 and EgGlc5-2, three putative b-D-glucanexohydolase, glucan endo-1, and 3-b-glucosidases, respectively. The findings of this study revealed that EgGlc1-1 expression in the roots of OP was raised via infection with T. harzianum but concealed during infection with G. boninense, whereas the expression of EgGlc5-1 as well as EgGlc5-2 in the OP roots seemed to be suppressed via infection with G. boninense or T. harzianum. Moreover, EgGlc1-1 can be an indicator for both pathogenic and non-pathogenic fungal attacks in leaves of OP (Yeoh et al. 2012) . Till now, only a few genes related to infected OP with G, boninense have been identified (Table 1) .
Role of silicon in lignification and controlling Ganoderma infection in oil palm
Silicon is found plenteously in nature and soil as the eighth and second elements, respectively, after oxygen and classified in the nutrient group. Silicon is one of the plant beneficial nutrient elements in soil absorbed in the form of monosilicic acid by plant roots (Mitani et al. 2005) , and accumulated as a layer of Si-cellulose membrane (Waterken et al. 1981 ). This membrane with pectin and Ca ? ions creates a protective cell membrane against the penetration of different pathogens (Gao et al. 2005) . Roots of plants absorb Si in the monosilicic acid form and pass to leaves via xylem (Bartley and Keith 2011) .
Silicon, as a beneficial nutrient element, plays an important role when plants encounter variety of stress conditions leading to develop their productivity (Ma et al. 2001 ). More studies have been done to show alleviatory effects of Si on different crop products; for instance, it was indicated that Si is able to induce cell wall resistance on leaves and suppress the blast fungus in rice (Kim et al. 2002) . Also, in other studies on infected rice leaves, it was suggested that Si is able to increase transcription levels of peroxidase and phytoalexin (Rodrigues et al. 2005) . It was shown also that Si can decrease susceptibility of wheat and cucumber against fungal infection creating powdery mildew through increasing the amount of the phytoalexins production in leaves of infected rice (Rémus-Borel et al. 2005) . Now the question is that whether Si is able to bring all the mentioned features to the plants alone or not? There should be a reasonable relationship between amount of absorbed Si by plants, and structure of other components, such as lignin and pectin, involved in different layers of the cell wall resulted in presenting their protective role in plants. This theory is already supported by the results of different studies. It was shown that the amount of lignin components and activities of phenylalanine ammonialyase, peroxidase, and polyphenol oxidase were increased in leaves of rice while applying Si treatment to the plants compared to untreated plants that showed more susceptibility against blast disease (Cai et al. 2008) . The results of another study on maize indicated that Si is able to increase the susceptibility of plant under Al stress through motivating phenolic compounds releasing in roots (Kidd et al. EgEMLP1 and EgMT Biomarker to detect infectieon in primary step Tan et al. (2013) EgGlc1-1, EgGlc5-1 and EgGlc5-2 Molecular marker to detect both pathogenic or non-pathogenic Yeoh et al. (2012) 
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Regulate proteinases belong to serine classes (putative) Tan et al. (2013) EgDFS Anti-fungal and microbial, protease inhibiting, insecticidal, and inhibiting activities of a-amylase (putative) Tan et al. (2013) EgPRP Anti-fungal (putative) Tan et al. (2013) EgT2RIP Ribosome-inactivating protein (putative) Tan et al. (2013) EgEMLP1 EgEMLP2 EgDHN Development and abiotic stresses (putative) Tan et al. (2013) EgIFR Biosynthesis of isoflavonoid phytoalexin (putative) Tee et al. (2013) EgPAL Catalyzes the biosynthesis of cinnamate (putative) Tee et al. (2013) EgC4H Catalyzes cinnamate to p-coumarate (putative) Tee et al. (2013) EgCHI Catalyzes chalcone to flavones (putative) Tee et al. (2013) 2001). In another study (Najihah et al., unpublished) , the electron microscopy images of roots and leaves of OP showed an increase in the Si accumulation in the epidermis, and exodermises layers while exposing plant to different concentration of Si (Figs. 2, 3) . The TEM images (Fig. 3) show that when OP goes under Si treatment, one protection layer of cellulose-Si membrane is formed in intracellular parts of root and leaves cells. Increasing accumulated Si using either method to have genetically manipulated plants or applying Si treatment directly may lead to the Si deposition in the outermost layer of the cell wall (Fig. 4) . As it is mentioned earlier, Si helps plants to overcome lots of biotic stress that is most probably because of its role in the lignifications' process. On the other hand, it is assumed that the Si deposition in the intercellular areas of the cell affects the accessibility of fungi mycelium to the middle lamella part of the cell wall. In fact, the deposited Si with the help of pectin and Ca 2? ions forms a protection defense layer against pathogen that penetrates into the inner parts of cells. Hence, clearly after this step fungi most probably is not able to be alive more since it has been limited to attach the lignin fraction as a food source.
Silicon and lignin manipulation in line with transformed oil palm
Till today, most of the efforts have been carried out to alter the lignin structure through hemicelluloses modification. Tobacco as a model plant has been frequently used to see the effect of lignin and xylan modification on its cellulose extractability. It was tried to show the effect of xylan level in the structure of cell wall and delignification through identifying different gene(s) concerned in the synthesis of cellulose and lignin (Bindschedler et al. 2007 ). Results of experiments demonstrated different range of susceptibility against G. boninense in OP. For instance, high and low rates of fungus susceptibility were reported in deli and African materials, respectively (Idris et al. 2004; Durand-Gasselin et al. 2005) . Based on the field study, it was revealed that E. guineensis emerging from Malaysia and Indonesia shows more susceptibility to Ganoderma than African material indicating either the possibility of genetic resistance among host populations or divergences in pathogenicity within isolates of Ganoderma boninense (Rees et al. 2007 ).
The results of one research over the functional studies of serine-rich protein gene isolated from mangrove root in Arabidopsis thaliana indicated that the amount of serine amino acid and glutamic acid increased significantly in transgenic plants detected using High Performance Liquid Chromatography (HPLC) (Sahebi et al. 2015) . On the other hand, pre-mRNA splicing activity of serine-rich protein increases Si deposition in transgenic plants particularly in the root parts compared with the wild-type plants in the same areas (Fig. 5) .
Although genetically modified plants may present unpredicted characteristics, scientists already produce successfully several genetically engineered OP species, which are resistant to herbicide, hygromycin and glucuronidase activity. Nevertheless, due to the some restriction factors, there are not enough reports to demonstrate the increased resistance of OP against G. boninense. In this regard, it can be referred to the long cycle of generation which is the main important limiting factor associated with manipulating OP. Many attempts were being put toward developing a consistent protocol for OP transformation. Important characteristic of OP trees is related to their ability of being transformed through protoplast. This protoplast can be isolated from different parts, such as inflorescence, embryogenic culture, seed embryos, and vegetative apices of plantlets obtained from tissue culture. In this regard, embryogenic cultures were introduced as the best protoplast donor and metabolic competence (Cheah et al. 1995) . Agrobacteruim-mediated transformation and gene gun delivery (Biolistics) are the two common strategies for OP transformation. Generally, Agrobacterium-mediated transformation provides significant benefits over the biolistics method in terms of the efficiency of transformation, copy number of transgene; physical structure, expression and inheritance of the transgenic loci utilizing fluorescence in situ hybridization (Southgate et al. 1995; Snyder et al. 1999; Taylor and Fauquet 2002; Travella et al. 2005) .
However, there are wide uses of biolistics in genetic transformation of many species, fungi, bacteria, subcellular organelles, animal cell, so this technique is still most accepted for plants genetic transformation (Rakoczy-Trojanowska 2002). The biolistics has some advantages including short process time, low cost for production of transgenic plants involving multiple genes, does not require to have any vector for each specific sequence, being apart from effects of the structural and electrical potential of cellular membrane components (Sanford et al. 1993) . However, for different employed biological targets, the parameters of the transformation should be optimized (Sanford et al. 1993) . Because of some OP gene limitation factors, like promoters, enhancers, and terminators, researchers have started an effort to figure out the way to overcome above issues.
If the goal is just to increase the amount of lignin, the OP clonal populations can be created on nutrient solution using tissue culture technique. But problems, such as the long process of palm tissue culture and ineffective increased lignin amount in line with enhanced resistance to G. boninense mentioned in the previous section will be resulted in wasting time. Although genetic manipulation of OP can be investigated from different perspectives, such as increasing or decreasing lignin components of the cell wall structure, strengthening the immune system of plant against pathogen enzyme activities, increases lignifications process and improves the quality of extracted oil. It seems that enhancing the structural defense of cell walls via increasing another component, such as Si or pectin, can decrease susceptibility of OP to G. boninense by limiting the mycelium penetration into the middle lamella and pathogen access to the food source (lignin). 
Conclusion
Bear in mind the negative effects of Ganoderma on many trees especially OP, understanding the plants mechanisms against this disease is a remarkable effort to reduce the harmful impacts on OP products. Although there are many pathways to diminish the damage of G. boninense on OP, the structure and function of lignin in cell wall have the major role to protect plants. Thus, the above investigation focused on the cases of pathogen infection and the reaction of plants against this disease. On the other hand, the study attempted to represent an influential and novel method for controlling the Ganoderma. Indeed, the critical role of Si not only as a plant nutrient factor, but also as a resistance mechanism against G. boninense was surveyed. However, with understanding the positive impacts of Si, plant scientists my persuade to study genetically manipulated OP via transferring gene(s) responsive for Si absorption and accumulation or supplying Si to plants directly as fertilizer.
In conclusion, notwithstanding the advances roles of biotechnology in 'feeding the world' there are still lots of restrictions which lead to lose the plants yield due to diverse biotic and a biotic stresses.
